The purpose of this paper is to assess the extent of gene identity and differentiation at 33 dinucleotide repeat loci (377 total alleles) within and among three European and three Native American populations. In order to do this, we show that a maximum-likelihood method proposed for phylogenetic trees (Cavalli-Sforza and Piazza 1975) can be used to estimate gene identity (Nei 1987 ) with respect to any hierarchical structure. This method allows gene differentiation to be evaluated with respect to any internal node of a hierarchy. It also allows a generalization of F-and G-statistics to situations with unequal expected levels of differentiation. Our principal finding is that levels of genetic differentiation are unique to specific populations and levels of nesting. The populations of European origin show very little internal differentiation; moreover, their continental average is close to the total population defined by the aggregate of Europeans and Native Americans. By contrast, the Native American populations show moderate levels of internal differentiation, and a great distance between their continental average and the total. The results of analyses of subsets of loci that were selected to have high gene diversities in either Europeans or Native Americans closely parallel those from the total set of loci. This suggests that the principal results are unlikely to be caused by a European ascertainment bias in locus selection. In summary, our findings demonstrate that partitions of gene diversity into within-and between-populations components are heavily biased by the populations analyzed and the models fitted. Optimistically, however, more information is available to analyze population history and evolution by quantifying, as we have done, the uniqueness of patterns of differentiation.
Introduction
The partition of genetic diversity into within-and between-groups components has been a long-standing interest in human population genetics. Lewontin (1972) showed using the Shannon information measure that 85.4% of human species diversity can be attributed to allelic variation within populations, 8.3% to variation between populations within races, and 6.3% to interracial variation. The small amount of diversity accounted for by race undermines the importance of human racial subclassifications, regardless of the validity of the concept of race. Lewontin and his contemporaries reached their conclusions using blood antigens and enzyme variants (Lewontin 1967; Nei and Roychoudhury 1982) which reflect nucleotide substitutions within coding regions. However, a new class of genetic polymorphisms that is revealed by direct DNA analysis, short tandem repeat (STR) loci, is now being applied to population studies. STR loci have high mutation rates with allelic states being generated reversibly by slippage during DNA replication (Levinson and Gutman 1987; Weber and Wong 1993) . Thus, STR loci may reveal a different pattern of diversity than that which is generated by point mutations. Deka et al. (1995) calculated Gsr = 10.7% for eight dinucleotide repeat loci in eight populations distributed throughout the world. Jorde et al. (1995) , analyzing 30 tetranucleotide loci in 13 populations throughout the world, found less diversity between populations (GST = 0.034). The origin(s) of the difference in results between these two studies is unexplained. It could be due to ascertainment of loci, the use of dinucleotide versus tetranucleotide repeats, or the selection of populations.
Before within-and between-groups components of STR diversity can be evaluated, several complicating factors that affect the measurement of genetic differentiation and its apportionment need to be addressed. One concern is the way groupings or levels of hierarchy are defined. As Lewontin (1972) pointed out, the number and location of such divisions are arbitrary and are left to the investigator's discretion. A second complication is that G-and F-statistics assume that all population divergences are equal in expectation. To the extent that these expectations are untrue, a partition of total variance into a component x% within individuals, y% within populations within continents, and z% between continents (Lewontin 1972 ) is misleading. A third complicating factor is the effect of ascertainment bias in identifying polymorphic loci. Like restriction site polymorphisms, most STRs were initially selected for high heterozygosities in Europeans (Weber and May 1989; Weissenbach et al. 1992; Gyapay et al. 1994 ) and may therefore have a European ascertainment bias.
This study will assess the effects of population structure on the extent and apportionment of dinucleotide repeat diversity in three Native American populations and three populations of European origin. Nei's (1987, pp. 188-190) gene identity and gene differentiation statistics will be used for this purpose. We will show how a maximum-likelihood method developed by Cavalli-Sforza and Piazza (1975) for phylogenetic trees with variable evolutionary rates can be used to estimate Nei's statistics. This approach allows us to extend Nei's gene differentiation concept to situations where the expected divergences among populations are unequal. The method reveals that gene identity is significantly greater in Native American populations than in populations of European origin, and that Native Americans are more genetically diverse relative to their continent of origin than are Europeans. Finally, we provide an empirical test for whether or not these observations reflect a European bias in the selection of dinucleotide repeat loci.
Materials and Methods

Study Design
Six populations representing two continents of origin were used to analyze the apportionment of genetic diversity. The six populations include three Native American populations (Cheyenne, Pima, and Navajo), which shall hereafter be referred to as American, and two Native European populations (Swedes and Finns) and one transplanted European population (Maryland), which shall hereafter be referred to as European. Native Americans were classified based on their eligibility for tribal enrollment, the Swedes and Finns were classified based on their residence, and the Maryland population was classified based on self-identification as Caucasian. The continental origins of these populations are unambiguous.
Subcontinental groups are operationally defined for our analyses. The three American populations are further subdivided by membership into two different language families. The Cheyenne and Pima languages belong to the Amerind family. Speakers of Amerind languages are thought to be descended from the first migrants to the New World more than 11,000 years ago (Williams et al. 1985; Greenberg, Turner, and Zegura 1986; Torroni et al. 1992; Horai et al. 1993 ). By contrast, the Navajo language belongs to the Athabascan family. Athabascan speakers are believed to have migrated to the New World more recently, perhaps between 5,000 and 10,000 years ago (Williams et al. 1985; Greenberg, Turner, and Zegura 1986) . The European populations can also be subdivided into two groups. Swedes and Finns are classified as Nordic based on their geographic proximity, while the Maryland sample is of mixed European ancestry. However, some genetic and linguistic evidence suggests that the Finns constitute a distinct Caucasian isolate (Nevanlinna 1972; Norio 1981) . The validity of the subcontinental groups will be evaluated in subsequent sections of this paper.
Subject Recruitment
Genomic DNA was isolated from the EBV transformed lymphoblasts using a phenol chloroform extraction procedure. The Navajo samples (n = 77) were collected from patients and visitors to the Albuquerque Indian Hospital, Albuquerque, N.M. First-degree relatives of previous participants were excluded from the study. Subjects for the other populations were drawn from larger studies of alcoholism and psychiatric disorders. The subjects were selected from the population regardless of their clinical status, the presence or absence of alcoholism, or other psychiatric disorders. The eligibility of the Pima subjects (n = 86) was restricted to individuals who were eligible for tribal membership and subjects of mixed tribal origin or racial background were not excluded. The eligibility of the Cheyenne subjects (n = 51) was restricted to persons for whom both parents qualified for tribal membership, and first-degree relatives were excluded. The Finnish (n = 61), Swedish (n = 58), and Maryland (n = 69) population samples were collected in Helsinki (Finland), Lund (Sweden), and Bethesda, Md., respectively, and were restricted to unrelated individuals.
PCR and Genotyping
Genomic DNAs were genotyped at 33 polymorphic dinucleotide repeat loci ( ). The 33 loci were divided into four panels consisting of 5 to 13 loci. The PCR products of any one panel were pooled to give roughly equal signal intensity on the electrophoretogram. PCR products were electrophoresed in the presence of an internal size standard (Genescan 500), on a 6% acrylamide 5 M urea denaturing gel and using a 373A DNA sequencer (ABI, Foster City, Calif.). Genotypes were determined using the GS Analysis and Genotyper programs (ABI, Foster City, Calif.). An original computer program was used to correct for gel shifts and to group measured sizes into discrete categories corresponding to two-base-pair intervals.
For each locus, allele frequencies were determined by direct counting (Li 1976) . Gene diversity was estimated as in Nei (1987, p. 178 ) without sample correction. No significant patterns of linkage disequilibrium were revealed using Long, Williams, and Urbanek's (1995) method for all pairs of loci; test statistics were significant for only about 5% of locus pairs and there was no correlation between linkage disequilibrium and physical distance. -Sforza and Piazza (1975) proposed a statistical model to fit phylogenetic trees to gene frequencies by maximum likelihood. However, their statistical model and testing procedure applies generally to hierarchical classifications, and it is applicable to a variety of population structure statistics. In the following, we will demonstrate how it can be used to estimate F-and Gstatistics (Wright 1965; Cockerham 1969 Cockerham , 1973 Nei 1987) , and how it enables F-and G-statistics to be applied to unbalanced designs and situations where divergences are expected to be unequal.
Analytical Models and Methods
Cavalli
Statistical Model
Suppose that a population is composed of a total of s subdivisions, and that individuals within these subdivisions can be classified hierarchically. At a minimum, a linear transformation renders the elements of V identical to a matrix of gene identities within and between subdivisions (sensu Nei 1987 and elsewhere) . To see this, begin by examining V for untransformed gene frequencies, i.e., qkli = xkij. Now express the variances and covariances in the computational forms Loci A, (Alleles -1) (4~) and
Special Case
Equation (7) can be solved iteratively, but there are explicit solutions for some important special cases. It is useful to review one of these cases in detail in order to demonstrate the generality of the method and provide for its extensions. Our formulation applies to any number of subdivisions, but for brevity and concreteness, we will write out matrices for only four populations. Let the hierarchy have one level of nesting and, as with F-and G-statistics, assume that gene identities within and between all subdivisions are equal in expectation. Then, These are Nei's (1987) coefficients of gene identity within subdivision k and between subdivisions k and 1, respectively. This shows that the elements of V differ from gene identities only by the constant (Y when using the gene frequency transformation qklj = Xkij'PK. The constant cx can be added to all elements of V at this juncture without compromising the expectation theorem because the expectation of a constant added to a random variable is the constant added to the expectation of that variable (Ross 1988) . Cavalli-Sforza and Piazza (1975) show that the expected form of V can be expressed as a linear combination
Likelihood Estimation
k=l k#/ Solution 9a is Nei's (1987, p. 189 ) average gene identity within subdivisions and solution 9b is closely related to his gene identity in the total population. In order to clarify 9b's interpretation, recall that gene identity in the total population can be expressed as the difference between the average gene identity (Js) within subdivisions and the average gene diversity (Dsr) between subdivisions
(10) However, Nei (1987) recommends using the absolute gene differentiation
of fixed symmetric s X s matrices composed of zeros which is independent of the number of subdivisions. and ones, Go, Gi, . . . , G,, which are linear indepen-Thus, dent. The coefficients of the linear combination (cr,) are J; = Js -0,.
(12) the variance components (i.e., gene identities) associated with the internal and external nodes of the hierarchy. To see that equation (12) is identical to solution 9b, note Anderson (1973) gives a system of expectation maxi-that mization (EM) equations to obtain maximum-likelihood estimates of the expected variance components (a,), &r=(s-l)Js,s-~~Jki s2 (13) k=l kfl f$ trdmiG,$-lG$f = tr$-tG,$-'V I and f=O g = 0, l,...,m
where A is used to designate an estimate pertaining to equation (6).
k=l I#k I According to this formulation, the relative magniApportionment of Dinucleotide Repeat Diversity 947 tude of gene differentiation among subpopulations is provided by G&r (Nei 1987, p. 191 ) which Nei shows is identical to FST as developed by Cockerham (1969 Cockerham ( , 1973 based on the analysis of variance.
Extensions
In order to evaluate additional levels of nesting, the coefficient uT and its corresponding G matrix from equation (8) where the subscripts H and L pertain generically to the higher node and the lower node, respectively (eq. 2 and theorem). This shows that each branch length measures the absolute increase in gene identity. The relative gene differentiation associated with any node and its descendent is evaluated from
These results provide the extension of the F-and Gstatistic models to designs for which the expected divergence is unequal at the same level of the hierarchy.
Jackknife Parameter Estimation
Since maximum-likelihood estimates are often biased, and the multinormal model is only approximate when applied to allele frequency data (Nei and Roychoudhury 1982) , the jackknife method (Quenouille 1956; Reynolds, Weir, and Cockerham 1983; Weir 1990) can be used to obtain improved estimates of hierarchy parameters and their standard errors. With Loci >> 1 available for analysis, a set of new estimates for each parameter of a given hierarchy is obtained by repeating the maximum-likelihood estimation after omitting each locus in turn. Each new estimate for a given parameter t3 is based on (Loci -1) observations instead of the actual total. The average of the new estimates is This average generates to a new parameter estimate 6, = Loci.0 -(Loci -l).e,.,,
where 0 is the original parameter estimate. Weir (1990) reviews arguments that jackknife estimates have reduced bias relative to the original estimates. In addition, an estimate of the variance of the jackknife estimate is
These variances can be used to construct approximate confidence intervals where desired.
Ascertainment Bias
The loci used in this study were initially chosen for genetic linkage studies that we are conducting in Native American and European populations. Polymorphism in Europeans has been a prerequisite for the detection of nearly all dinucleotide repeat loci and relatively high polymorphism has been a criteria for their use. To see if such a bias in locus selection is potentially important we developed the following strategy: First, two subsets of loci were drawn from the total. Group A contained the 11 loci with the highest gene diversities in Europeans, while group B contained the 11 loci with the highest gene diversities in Americans. Groups of 11 loci were chosen so that the groups would be large enough to have sufficient information for estimating diversity statistics, while at the same time they would be small enough to allow for nonoverlap of members. Next, the genetic diversity analysis described above was carried out individually for groups A and B. Analysis of A should exacerbate any existing European ascertainment bias, while analysis of B should ameliorate any European ascertainment bias by creating an American bias. These analyses cannot tell us whether or not gene diversity estimates are themselves biased; however, they can show the potential for bias in estimated gene diversity to be propagated as bias in the estimation of relative gene differentiation (G-and F-statistics).
Results
Gene diversity estimates ranged from a low of 0.602 in the Cheyenne to a high of 0.739 in Maryland (table 2) . Diversity estimates were similar between populations with the same continental origin but were reduced in American populations relative to European populations. A similar reduction in genetic diversity in American populations has been observed by others (Nei and Roychoudhury 1993; Livshits and Nei 1990 ) and has been attributed to population bottlenecks in American populations. It is interesting that the Finns, who are believed to have experienced a recent bottleneck (Nevanlinna 1972; Norio 1981) , have the same gene diversity as the Swedes. Maryland has the highest gene diversity of the European populations; this may result from heterogeneous ethnic origins, but this result lacks statistical significance and should not be overemphasized. Inspection of single-locus gene diversity estimates reveals that the decrease in average gene diversity observed in American populations is due to a general reduction in gene diversity in multiple loci and not a large reduction in gene diversity of a select few loci.
The gene identities and minimum genetic distances (Nei 1987, p. 220) for the six populations are provided in table 3. The total gene differentiation among the six populations (Gkr) was estimated as 0.077 -+ 0.009 for a one-level hierarchy ( fig. 1A) . By expanding to two levels of hierarchy, i.e., populations with same continental origin and diversity among continents ( fig. lB) , we find G& = 0.040 2 0.009 and G& = 0.063 -+ 0.010, which yields a substantially higher total gene differentiation, GkT = 0.100 ? 0.011, since (1 -G&) = (1 -G;,) (1 -G&T).
Both of the models above assume that the expected gene differentiation is equal for all populations relative to the total, and model 2 assumes equality for the expected gene differentiation between all populations relative to their continent, and for continents relative to the total. In order to eliminate this assumption, we used the maximum-likelihood method described above to fit a full bifurcating hierarchy with unconstrained branch lengths. A graph of this model and the numerical results are shown in figure 2 and table 4, respectively. We define the following coefficients of gene differentiation: G&r for the diversity of continental group, c, relative to the total; GI, for the diversity of subdivision, d, within a continent relative to the continent; Gkd for the diversity of population, k, relative to the diversity of the subdivision, d; and finally, GLT for the diversity of population, k, relative to the total. While this set is not exhaustive, additional components of diversity can be defined simply by equation (16).
Our bifurcating hierarchy separates the American populations from the European populations at the lowest level (node 5). On the Native American branch, the Cheyenne and Pima are linked first (node 1) because both populations speak languages belonging to the Amerind family. The Navajo, who are Athabascan speakers, are linked at the next level down (node 2). On the European branch, the Finns and Swedes are linked operationally to form a Nordic branch (node 3). The Maryland population is the linked at the next level down (node 4). The G' statistics presented correspond to these groupings ( fig. 2) .
The least genetic differentiation between a population relative to the total (Giz) was manifest by Maryland (G,& = 0.019 ? 0.014) while the Pima exhibited the greatest differentiation between a population and the total (Gb;, = 0.185 + 0.023). Perhaps the most salient finding is that gene differentiation estimated for Americans (G;, = 0.109 -+ 0.022) is more than 20-fold greater than that estimated for Europeans (G& = 0.004 -+ 0.011). These numbers illustrate tremendous inequality of differentiation.
Since these higher level classifications are defined more operationally than rigorously, we have tested this result by evaluating the eight other hierarchical arrangements that primarily split Americans and Europeans. Of the eight hierarchies, seven fit the data worse and one tied, as judged by comparing residual chi-squares (see Cavalli-Sforza and Piazza 1975) . The hierarchy that tied figure 2 maintained the nesting structure of the American populations, but it clusters Maryland and Finns apart from the Swedes. However, the branch leading to the Finn-Maryland cluster is negative, and statistically significant. By contrast, the branch of figure 2 leading to the Finn-Swede cluster is positive, and statistically significant. Therefore, we prefer the model specified in figure 2.
The subsets A and B of loci used to analyze locus ascertainment effects are indicated by a subscript next to each locus name in table 2. Eight loci are shared while each group has three unique loci. This degree of overlap suggests that nearly the same set of loci would have been obtained using either continental group for the primary search for polymorphic loci. As expected by construction, average gene diversity estimates are higher in the subsets A and B than in the total set of 33 loci. It is noteworthy that the differences in average gene diversity within continental groups across locus subsets are small, and the differences within locus subsets across continental groups are relatively large. In Europeans H, = 0.833 as opposed to H, = 0.831, and in Americans HA = 0.733 as opposed to H, = 0.757. Figures 2-11 and 2-111 and table 4 provide the results from hierarchical analysis of locus groups A and B, respectively. Using locus subset A, the patterns of relative genetic differentiation are very similar to those provided by the entire 33-10~~s set ( fig. 2-I ). The effects of locus subset B on the patterns of relative genetic differentiation are more pronounced. Most notably, B shows one third less reduction in relative heterozygosity leading from the base to the Americans than does A or the total. This suggests that the method of locus ascertainment can affect the relative genetic differentiation, but this might also only reflect the numerical instability inherent in taking ratios of fractions.
Discussion
A few aspects of our statistical models and methods warrant comment before turning to the results of our diversity analysis. First, our formulation leads to J$ (eq. 14) as the measure of total gene identity rather than the more intuitive quantity Jr (eq. 10). The distinction is easily seen; while J, is the gene identity in a total population with allele frequencies equal to an unweighted average of the sampled subpopulations, J$. is the gene identity of an infinitely large total population from which the sampled populations exist as only one of a large number of potential of replicates. In either case, the total population is abstract and unlikely to exist in nature. While the merits of the two interpretations have been debated (e.g., Nei and Chesser 1983; Cockerham and Weir 1986 ), we do not wish to enter the debate here because the nuances necessary to clarify these concepts would obscure the unifying aspects of our work. More importantly, addition of the quantity J,,/s to solution 9b allows our method to estimate Jr. Second, while Gh is identical in principle to FST as defined by Cockerham (1969 Cockerham ( , 1973 , we have maintained Nei's notation because the estimators presented here are closer to his than to Cockerham's and Weir's (Weir and Cockerham 1984) . Namely, we use average allele frequencies unweighted by sample size (but see Cockerham 1973 and Weir 1986 ). In addition, we have not addressed sampling variation in allele frequencies because our samples are moderately sized. However, this would be a profitable addition to later applications. Our diversity analysis shows that the level of gene differentiation estimated between populations and the total is biased by the choice of model. It is lowest (G& = 0.077) with a model specifying a single level of nesting and assuming equal expected divergences; however, it substantially increases (G& = 0.100) with the addition of a second level of nesting. This reflects a well-known bias that has been discussed by Jorde (1980) and Cavalli-Sforza and Feldman (1990) , among others.
In fact, some algebra shows that whenever existing levels of hierarchy are ignored, GX is underestimated.
More importantly, our analysis shows that by removing the equal expected divergences assumption, gene differentiation between individual populations and the total varies considerably (e.g., Ghdr = 0.019 and GkrT = 0.185). Livshits and Nei (1990) have explored this effect in a worldwide sample by contrasting G& and genetic distances. The maximum-likelihood method advocated here provides a unified F-or G-statistic approach for such evaluations. It is important that the asymmetry of differentiation that we observed cannot be accounted for by either the definition of population boundaries or an ascertainment bias in the sampling of polymorphic loci. In particular, analysis of subsets of these loci shows that a European ascertainment bias in locus identification is unlikely to account for the pattern of differentiation.
A prominent feature of the full hierarchy ( fig. 3 ) is that the Native American populations show greater internal gene differentiation than do the European populations. While this same result is seen with immunologic and protein data (Livshits and Nei 1990; Nei and Roychoudhury 1993) , it is difficult to prove why Native American populations should be more diverse than Europeans. However, the severe population reduction and upheaval by disease and warfare following European contact cannot be discounted. Archaeologists and historians have estimated general population attrition at beGene differentiation beGene differentiation tween populations within between continental continental groups.
groups. "Abbreviations for terminal nodes are: Ch = Cheyenne, Pi = Pima, Na = Navajo, Md = Maryland, SW = Sweden, and Fi = Finland. The numbers COTrespond to the internal nodes as shown in figure 2 .
hGene identities are estimated as the solutions to equation (7) for the full hierarchical model. The branch lengths in ligure 1 are the differences in gene identity between a higher node and a lower node (eq. 15).
tween 50% and 90% (Ramenovsky 1987) . The low level of gene differentiation among European populations is consistent with other studies (Bowcock et al. 1991; Cavalli-Sforza and Piazza 1993; Mountain and Cavalli-Sforza 1994) . Contrary to this finding, we had expected the Finns to be outliers from the other Europeans because they have unusual frequencies of recessive disorders and blood group alleles (Nevanlinna 1972; Norio 1981) . Nonetheless, a recent study (Sajantila et al. 1995) of mtDNA in Finns found no reduction in diversity relative to other Europeans. The pattern of gene differentiation that we report reveals some important insights into Native American population history. Linguistic, serologic, electrophoretic, mtDNA, and dental data (Williams et al. 1985; Greenberg, Turner, and Zegura 1986; Schurr et al. 1990; Torroni et al. 1992 ) have been drawn to support a primary distinction between Athabascan-and Amerind-speaking Native Americans. In opposition, however, Ward et al. (1993) detect a recent divergence between Athabascanand Amerind-speakers based on mtDNA sequences within tribes, and Merriwether, Rothammer, and Ferrell (1995) show that the wide distribution of Native American mtDNA haplogroups contradicts a separate-migration hypothesis. Our results also oppose an ancient divergence between Amerinds and Athabascans. In figure  2 , the branch separating Navajos (Athabascan speakers) from Pima and Cheyenne (Amerind speakers) is not statistically significant, and estimates only a minor component of gene differentiation.
In summary, our principal finding is that magnitudes of gene differentiation (G-statistics, Nei 1987 ) are unique to specific populations and levels of nesting. The populations of European origin show very little internal differentiation; moreover, their continental average is close to the total population defined by the Europeans and Native Americans analyzed here. By contrast, the Native American populations show moderate levels of internal differentiation, and a great distance between their continental average and the total. Accordingly, a general partition into components x% within individuals, y% within populations within continents, and 2% between continents cannot adequately describe patterns of differentiation. Bearing this in mind, such variance decompositions will be heavily biased by the populations included in the analysis and the models fitted. More optimistically, however, by quantifying the uniqueness of patterns of differentiation as we have done here, more information is available to analyze population history and evolution.
